Clustered regularly interspaced short palindromic repeats (CRISPR) and their associated proteins constitute a recently identified prokaryotic defense system against invading nucleic acids. DNA segments, termed protospacers, are integrated into the CRISPR array in a process called adaptation. Here, we establish a PCR-based assay that enables evaluating the adaptation efficiency of specific spacers into the type I-E Escherichia coli CRISPR array. Using this assay, we provide direct evidence that the protospacer adjacent motif along with the first base of the protospacer (5′-AAG) partially affect the efficiency of spacer acquisition. Remarkably, we identified a unique dinucleotide, 5′-AA, positioned at the 3′ end of the spacer, that enhances efficiency of the spacer's acquisition. Insertion of this dinucleotide increased acquisition efficiency of two different spacers. DNA sequencing of newly adapted CRISPR arrays revealed that the position of the newly identified motif with respect to the 5′-AAG is important for affecting acquisition efficiency. Analysis of approximately 1 million spacers showed that this motif is overrepresented in frequently acquired spacers compared with those acquired rarely. Our results represent an example of a short nonprotospacer adjacent motif sequence that affects acquisition efficiency and suggest that other as yet unknown motifs affect acquisition efficiency in other CRISPR systems as well.
Clustered regularly interspaced short palindromic repeats (CRISPR) and their associated proteins constitute a recently identified prokaryotic defense system against invading nucleic acids. DNA segments, termed protospacers, are integrated into the CRISPR array in a process called adaptation. Here, we establish a PCR-based assay that enables evaluating the adaptation efficiency of specific spacers into the type I-E Escherichia coli CRISPR array. Using this assay, we provide direct evidence that the protospacer adjacent motif along with the first base of the protospacer (5′-AAG) partially affect the efficiency of spacer acquisition. Remarkably, we identified a unique dinucleotide, 5′-AA, positioned at the 3′ end of the spacer, that enhances efficiency of the spacer's acquisition. Insertion of this dinucleotide increased acquisition efficiency of two different spacers. DNA sequencing of newly adapted CRISPR arrays revealed that the position of the newly identified motif with respect to the 5′-AAG is important for affecting acquisition efficiency. Analysis of approximately 1 million spacers showed that this motif is overrepresented in frequently acquired spacers compared with those acquired rarely. Our results represent an example of a short nonprotospacer adjacent motif sequence that affects acquisition efficiency and suggest that other as yet unknown motifs affect acquisition efficiency in other CRISPR systems as well.
defense mechanism | phage-host interaction | acquisition step C lustered regularly interspaced short palindromic repeats (CRISPR) and their associated proteins (Cas) comprise an important prokaryotic defense system against horizontally transferred DNA (1-3) and RNA (4) . This system shows remarkable analogies to the mammalian immune system (5, 6) and to eukaryotic RNA-interference mechanisms (7, 8) . Three major types and 10 subtypes of CRISPR/Cas systems (9) have been found across ∼90% of archaeal genomes and ∼50% of bacterial genomes. All types consist of a CRISPR array-short repeated sequences called "repeats" flanking short sequences called "spacers." The array is usually preceded by a leader, AT-rich DNA sequence that drives CRISPR array expression and is important for acquiring new spacers into the array (10, 11) . A cluster of CRISPR-associated (cas) genes encoding proteins that process the transcript, interfere with foreign nucleic acids, and acquire new spacers usually lies adjacent to the CRISPR array (12) (13) (14) . RNA transcribed from the CRISPR array (crRNA) is processed by Cas proteins into RNA-based spacers flanked by partial repeats. These crRNAs specifically direct Cas interfering proteins to target nucleic acids matching the spacers. The spacers are acquired from these targeted sequences, termed "protospacers." Spacer acquisition into the CRISPR array consequently results in guiding the system to cleave DNA molecules harboring the corresponding protospacers. This feature renders the system competent in adaptively and specifically targeting invaders.
Spacer acquisition into a CRISPR array was first reported for Streptococcus thermophilus (2) . It was shown that S. thermophilus that survives a phage challenge expands its CRISPR array with spacers identical to the protospacers of the challenging phage. Recently, we and others have demonstrated spacer acquisition by an Escherichia coli type I-E CRISPR array (11, (15) (16) (17) . Those studies showed that (i) Cas1 and Cas2 are both essential for the acquisition step; (ii) a small portion of the leader sequence adjacent to the array is essential for the acquisition step; (iii) the first repeat is duplicated upon acquisition of a new spacer; (iv) a single repeat is necessary and sufficient for the acquisition of a new spacer.
As suggested from DNA sequence analyses, and later shown experimentally in different CRISPR/Cas subtypes, short, 2-to 5-bp sequences near the protospacer, termed protospacer adjacent motifs (PAMs), were found to be crucial for efficient recognition by the effector Cas proteins during the interference step; however, it was not clear whether these elements are also important for spacer acquisition (18, 19) . Sequence analysis of newly obtained spacers from E. coli showed that a significant number (∼75%) of the corresponding protospacers initiated with a G and the majority (50%) also had a 5′-AW (W = A or T) sequence upstream of the protospacer (11) . The fact that the data were obtained without selection for functional spacers, due to the lack of interference proteins, indicated that this 5′-AWG motif not only determines the interference capability, but also enhances adaptation of the protospacers adjacent to it. Nevertheless, direct experimental evidence comparing the efficiency of adaptation of a protospacer that has or lacks this motif has not been provided.
Additional motifs affecting acquisition efficiency, other than the PAM, could theoretically be identified by high-throughput analysis of consensus motifs in acquired spacers. A recent study used high-throughput sequencing to obtain ∼200,000 spacers derived from plasmids (20) . Analysis of the obtained spacers showed that there is a clear preference for acquisition of certain plasmid protospacers over others, all having PAMs. Although the authors speculated that there are non-PAM motifs that account for this bias, thorough analysis of the acquired spacers did not reveal such a consensus sequence. In an earlier study, in S. thermophilus, ∼500,000 spacers were analyzed. In this case too, a strong bias in protospacer selection was detected, nevertheless, a motif accounting for this bias was not identified (21) .
In this study, we initially used a simpler, low-throughput technique, to identify motifs that determine acquisition efficiency and, consequently, validated them by using analyses of spacers obtained by high-throughput sequencing. We established two independent assays, based on PCR and DNA sequencing, to detect acquisition efficiency into the array. Using these assays, we provided direct evidence of a role for the 5′-AAG motif in determining acquisition efficiency. We further identified a dinucleotide motif, affecting acquisition of a pair of spacers, present at a 30-bp interval downstream of the 5′-AAG motif. We term this motif "acquisition affecting motif" (AAM). The higher occurrence of AAM in highly acquired spacers was then established in analysis of ∼1 million spacers from the E. coli chromosome, demonstrating that it plays a general role in determining acquisition efficiency.
Results and Discussion
Establishing an Assay for the Detection of Acquisition Efficiency of Specific Spacers. To gain insight into the genetic elements affecting the efficiency of acquisition, a robust assay was required. A PCR-based assay that monitors expansion of the CRISPR array upon acquisition can be used to determine the efficiency of total spacer acquisition but not the efficiency of a specific spacer's acquisition (11) . We therefore designed another simple PCR-based assay to detect acquisition efficiency of a specific spacer. In the modified assay, a culture of E. coli cells harboring plasmid pCas1+2, expressing the genes that are essential for adaptation, was propagated (11) . The total culture, harboring numerous bacterial chromosomes with CRISPR arrays encoding newly adapted spacers from pCas1+2 and from the chromosome, was then used as the template in a PCR assay. We hypothesized that acquisition of random spacers could be detected by PCR using primers that match the protospacers' sequences. For each PCR, we therefore used a primer complementary to the pCas1+2 plasmid on one strand and another primer complementary to the CRISPR array on the other (Fig. 1A) . Thus, amplification could occur only on CRISPR arrays that had acquired a plasmidderived protospacer that included the primer sequence (hereafter termed "matching spacer" and "matching primer," respectively). We speculated that the intensity of the PCR product would correspond to the acquisition efficiency of the matching spacer, because the number of copies of initial template DNA depends on this efficiency. The assay could detect a single matching template among ∼1 × 10 5 different templates, as determined by PCR carried out on serial dilutions of the matching template mixed with nonmatching DNAs (Fig. S1 ).
To show that the assay actually detects specific acquisition events, we tested acquisition of 11 different spacers, using 11 matching primers, on cultures harboring pCas1+2. These primers, all annealing to plasmid sequences, were selected based on similar melting temperatures to minimize PCR variations. As a control, we used the same primers to test acquisition on cultures harboring pCas1 D221A +2, a plasmid encoding a point mutation that renders Cas1 nonfunctional (11, 22) . In all instances, PCR amplification was evident in cultures harboring the functional Cas1 but not in those with the altered Cas1, indicating that the assay specifically detects acquisition events (Fig. 1B) . The intensity of the PCR products amplified by the different primers varied significantly, suggesting that the matching spacers were acquired at different efficiencies (Fig. 1B) . For example, the PCR amplification product using primer P6 was more than 13 times more intense than that obtained by using primer P11, as measured by imaging software (ImageJ). We designated primer P6-the primer showing the highest amplification level-as primer "HE" for "high efficiency" and primer P11, showing the lowest amplification level, as primer "LE" for "low efficiency." The DNA sequences of primers HE and LE, along with 12 bp upstream and downstream of these primers are shown in Fig. 1B .
The different intensities of the DNA bands resulting from these two primers suggested that the acquisition efficiency of the respective matching spacers differed, the priming efficiency of each primer differed, or both. To estimate the contribution of each of these two possibilities to the observed difference in amplification intensities, we compared the priming efficiencies of both primers. To this end, the HE and LE primers were used to amplify an identical amount of template (plasmid pCas1+2) with an identical primer annealing to the reverse strand. PCR under these conditions showed that the band obtained by HE is approximately two times more intense than that obtained by LE, indicating that the priming efficiency of HE is approximately twice that of LE (Fig. S2) . The fact that the differences observed in the acquisition efficiency assay exceeded 13-fold and that the priming efficiency could not account for the entire difference indicated that the efficiency of acquisition of the HE-matching spacers was significantly higher than that of the LE-matching spacer. To unequivocally show that the acquisition efficiency of the matching spacers was the major factor determining the intensity of the bands, we measured the intensities of the PCR products after exchanging the positions of LE and HE on the plasmid: If the priming efficiency was the main reason for the differences, then the differences in intensity would remain. However, if acquisition efficiency was the dominant factor affecting intensity, then these intensities should reverse upon the exchange. The exchange resulted in reversal of the amplification intensity, i.e., the LE primer resulted in higher amplification than the HE primer (Fig. 1C) . Despite this reversal, the intensity of the PCR product of LE on cultures harboring the exchanged vector was approximately twofold fainter than that obtained by using the HE primer on cultures harboring the original vector; this result was expected, in accordance with the approximately twofold decrease in LE priming efficiency compared with HE. These results indicated that the assay monitored differences in spaceracquisition efficiencies and not merely priming efficiencies of each primer. Moreover, these results suggested that the elements that were left intact following the exchange of primers, i.e., the elements upstream and/or downstream of the primer, determine the acquisition efficiencies of the spacers.
DNA Sequences both Upstream and Downstream of the Primers De-
termine Acquisition Efficiency of the Matching Spacers. The abovedescribed assay allowed us to map the location and determine the sequence of DNA elements affecting the efficiency of spacer acquisition. We exchanged 12 nt upstream and downstream of the sequence matching primer HE on the plasmid with the 12 nt found upstream and downstream, respectively, of the sequence matching primer LE ( Fig. 2A) . We then measured the efficiency of acquisition of the spacer matching HE in cultures harboring the modified or unmodified plasmids. As a loading control, we monitored the acquisition efficiency of the spacer matching primer LE, for which the adjacent upstream and downstream sequences remained identical in both plasmids. Exchange of 12 nt upstream of the HE primer resulted in a decrease in acquisition efficiency of the matching spacer. Exchange of 12 nt downstream of primer HE also resulted in a decrease in acquisition efficiency, indicating that both the upstream and downstream regions encode elements that determine acquisition efficiency. As expected, simultaneous replacement of the upstream and downstream DNA sequences of primer HE with those of primer LE resulted in an even greater decrease in acquisition of the matching spacer ( Fig. 2A) . Taken together, these results suggested that both the upstream and downstream regions of primer HE determine the acquisition efficiency of the spacer matching it. To show that the exchanged regions could also enhance acquisition efficiency of the spacer matching the LE primer, we carried out the reverse experiment, i.e., we exchanged 12 nt upstream and downstream of primer LE with the corresponding nucleotides of primer HE. Exchanging only the upstream region increased acquisition efficiency of the spacer matching primer LE. Exchanging only the downstream region also increased the acquisition efficiency, albeit to a lesser extent. Exchanging both the upstream and downstream 12-bp sequences increased the acquisition efficiency most dramatically (Fig. 2B) . In a separate experiment, we showed that scrambling the sequence of the HE primer does not change its acquisition efficiency (Fig. S3 ). Taken together, these results indicated that the upstream and downstream sequences of primer LE each encode at least one motif that determines acquisition efficiency. Moreover, they showed that the upstream motif is slightly more dominant in determining acquisition efficiency, because its exchange resulted in a more pronounced effect.
Identifying the Exact Motif Location and Validating Its Function.
Spacers initiating with base G and having an upstream 5′-AW sequence are overrepresented, most likely due to their higher acquisition efficiency (11) . As expected, a 5′-AAG motif was found immediately upstream of the HE primer, but not the LE primer. It was thus thought that 5′-AAG is the likely upstream motif responsible for enhanced acquisition of the spacer matching HE. However, direct evidence for this role was not provided. More importantly, the exact position or sequence of the DNA element that we identified downstream of the primer was unknown. To systematically locate and directly prove the functionality of both motifs, we exchanged 2-9 nt upstream of the HE primer with their counterparts upstream of the LE primer and monitored the decrease in acquisition efficiency. Note that six consecutive nucleotides at positions −4 to −9 upstream of both primers were identical and, thus, their exchange was redundant (Fig. 1B) . Exchange of 3 bp upstream of the HE primer reduced the acquisition efficiency of the matching spacer to the same level as exchange of 12 bp, suggesting that these 3 bp, namely 5′-AAG, constitute the upstream motif that affects acquisition efficiency (Fig. 3A) . In the region downstream of the primer, acquisition efficiency decreased only slightly following exchange of 3, 6, and 9 bp, but exchange of 12 bp decreased the acquisition efficiency dramatically (Fig. 3B ). This result suggested that the major downstream motif is located between nucleotides 10 and 12 downstream of the end of the primer. To further assess the relative contribution of each of the identified nucleotides to acquisition efficiency, we point mutated each nucleotides at positions −3 and −2 upstream of primer HE, as well as positions 10, 11, and 12 downstream of primer HE, to the corresponding nucleotides flanking the LE primer. The 5′-G at position −1, which was similar in both HE and LE primers, was changed in the HE primer to a 5′-C. We then carried out the spaceracquisition efficiency assay for each of the point-mutated plasmids. As can be seen in Fig. 3C , replacement of the A at position −3 with a C, replacement of the A at position −2 with a G, and replacement of the G at position −1 with a C, all resulted in a decrease in acquisition efficiency, with position −1 showing the largest decrease. This result provided direct evidence that the 5′-AAG motif determines acquisition efficiency and that the G in this motif is the most dominant nucleotide affecting acquisition. Importantly, in the primer's downstream motif, we found that the three nucleotides at positions 10, 11, and 12 affect acquisition efficiency. Exchange of nt 10 from T to G resulted in a small decrease in acquisition efficiency, whereas replacement of A at positions 11 and 12 to C and T, respectively, resulted in a more substantial decrease (Fig. 3D) . We therefore concluded that the major element affecting acquisition efficiency in the region downstream of the primer is the dinucleotide at positions 11 and 12, with a minor contribution of the nucleotide at position 10.
To test whether the downstream dinucleotide is also responsible for the observed increase in the acquisition efficiency of the LE matching spacer, we constructed unique plasmids having the identified upstream and downstream motifs. We introduced these motifs at positions −3 and −2, and positions 11 and 12 relative to the 5′ and 3′ ends of primer LE, respectively. We then measured the acquisition efficiency of the spacer matching the LE primer in cultures harboring the modified vs. unmodified plasmid. Insertion of either the upstream or downstream motifs alone slightly increased acquisition efficiency, whereas insertion of both motifs dramatically increased acquisition efficiency of this spacer to levels similar to those observed by simultaneous exchange of 12 bp upstream and downstream of this primer (Fig. 3E) . These experiments thus validated that the 5′-AAG found at position −3 of the primer, and 5′-AA found at position 11 downstream of the primer, significantly affect acquisition efficiency of the tested spacers. We term the 5′-AA motif AAM.
Sequence Analysis of Acquired Spacers Confirms That the Interval
Between the Motifs Determine Acquisition Efficiency. To determine the borders of the acquired spacer matching the HE primer, we extracted the amplified DNA product, ligated it to a plasmid vector, and sequenced 20 products (Fig. 4A) . The frequency of the obtained spacers was plotted against the distance from the 3′ end of the primer. In 95% of the cases, position 12 downstream of the primer was the last nucleotide of the sequenced spacer (Fig. 4B) . The sequencing results thus indicated that the predominant acquired spacer initiates at position −1 with a 5′-G preceded by a 5′-AA motif and ends with the 5′-AA dinucleotide at positions 11 and 12 (Fig. 4B) . We expected that in the LEmatching spacer, no discrete borders would be observed due to the lack of motifs that determine acquisition of a single predominant spacer. Indeed, sequencing of 20 LE-matching spacers revealed that there is no single predominant spacer acquired from this region, but that the acquired spacers are scattered near the end of the primer (Fig. 4B) . We later verified these data by analyzing 22,493 spacers from these two regions, as shown in Fig.  S4 . These results also validated that the HE matching spacer was acquired more frequently then the LE matching spacer: HE-matching spacers were sampled 21,552 times, whereas LEmatching spacers were sampled only 941 times.
To further demonstrate that the AAM plays a significant role in determining the efficiency of this specific spacer acquisition, we sequenced CRISPR arrays that had adapted a spacer, as described above. We predicted that if the motifs 5′-AAG and AAM enhance the efficiency of adaptation of a spacer located in the 30-bp interval between them, then a protospacer encoding a 5′-AAG and having an AAM 30 nt downstream should be acquired at a higher efficiency than a protospacer having a 5′-AAG but lacking a downstream AAM. To test this hypothesis, we constructed three plasmids-all having two 5′-AAG motifs at 3-bp intervals from each other. On one plasmid, we inserted an AAM 30 bp downstream of the upper 5′-AAG; in the other, we inserted an AAM 30 bp from the lower 5′-AAG motif, and in another we did not insert AAM at any of these positions but rather inserted 5′-CT, the dinucleotide present in positions 32-33 of the LE matching spacer, at both positions (Fig. 4C) . To determine the predominant acquired protospacer, we cloned and sequenced the amplified DNA harboring the acquired spacers. Approximately 30 spacers were sequenced for each plasmid. The frequency of the obtained spacers was again plotted against the distance from the 3′ end of the primer. As can be seen in Fig. 4C , 83% of the spacers acquired from the plasmid having the upper AAM had the expected upper border, whereas only 3% had the lower border. In the plasmid having the lower AAM, the trend reversed to 36 and 50% of the upper and lower borders, respectively. In the plasmid lacking the AAM, the frequencies were 47 and 27%, for the upper and lower 5′-AAG, respectively. These results demonstrate unequivocally that the AAM affects the acquisition efficiency of the LE-matching spacer. However, we expected that the ratios would be mirrored, such that in the lower pair of motifs, the frequency of spacers would be ∼80% from the lower border, whereas the frequency from the upper border would be ∼3%. The fact that the results did not completely reverse the ratios suggests that the acquisition machinery "scans" the DNA from the 5′ to 3′ end. In ∼35% of the cases, upon encountering a 5′-AAG motif, a protospacer is cleaved, regardless of the downstream motif, and the machinery runs off the DNA. In the remaining ∼65% of the cases it resumes scanning. Acquisition efficiency assays following exchange of 5′-AA at position −3 of the plasmid sequence matching the LE primer (-3-LE), at position +11 of the plasmid sequence matching the LE primer (+11-LE), or of both (-3/+11-LE), as depicted. PCR was carried out by using the LE and HE primers as indicated. However, when a 5′-AAG with a matching AAM downstream is encountered, the frequency of acquisition reaches more than 80%. Such a scanning model has been proposed to explain the observed "priming" mechanism, in which acquisition is facilitated from a particular DNA strand if a spacer from that strand is present in the array (15, 16) . Although a recent study negated the scanning model in a different experimental settings (20) , it is possible that it operates on certain DNA segments, under certain conditions. Our data thus corroborate the scanning model, but further studies are required to prove it. Another possible explanation, which we cannot exclude, might be that there are still more elements that slightly affect acquisition efficiency of the LE-matching spacer. Nevertheless, our overall results show that the 5′-AAG and the AAM 30 nt downstream of it are the most dominant factors affecting acquisition of this tested spacer.
Analysis of Approximately a Million Spacers Shows that the AAM
Enhances Adaptation Efficiency. If indeed, the AAM enhances adaptation efficiency of spacers, then it should be overrepresented in frequently acquired spacers compared with rarely acquired spacers. To test this hypothesis, we sequenced 2.67 million spacers acquired from the E. coli chromosome and pCas1+2 plasmid. Approximately a million of these spacers were uniquely mapped to the chromosome and the remaining ∼1.2 million were mapped to the plasmid (Dataset S1). We contrasted the 5% spacers that were most frequently acquired versus the spacers that were acquired only once, as described in SI Materials and Methods. Remarkably, both the 5′-AAG at positions −2 to +1 and the 5′-AA at positions 32-33 of the protospacers from the E. coli chromosome were the most significantly overrepresented motifs in the group of frequently acquired spacers compared with the group of rarely acquired spacers (P < 1 × 10 −12 , Fisher exact test after correction for multiple testing; Fig. 5 and Dataset S2). Interestingly, a G at position 33 was significantly underrepresented (P < 1 × 10 −54
; Fig. 5 and Dataset S2). Notably, analysis of spacers from the plasmid did not reveal significant overrepresentation of the AAM in the frequently acquired spacer group (Fig. S5) . This result corroborates a previous high-throughput spacer analysis from an E. coli plasmid (20) . We speculate that this motif was not identified in spacers derived from the plasmid due to the low number of protospacers having a 5′-AAG in the plasmid. The total number of 5′-AAG on both strands of the pCas1+2 plasmid is 138, and 102 in the plasmid analyzed in ref. 20 , whereas such protospacers occur in the chromosome 125,223 times. The analyses are further disturbed by the fact that other dinucleotides at this position may have similar effects as 5′-AA, as shown for one of the tested protospacers (Fig. S6A) . It should also be emphasized that although the effect of AAM was shown for two different spacers, this effect in another tested spacer was subtle (Fig. S6B) . This result suggests that the magnitude of this effect is probably context dependent and that there are still other unknown factors that determine spacer-acquisition efficiency. Nevertheless, the analysis of the current dataset, showing statistically significant evidence for this motif, along with the experimental demonstration that this motif enhances acquisition efficiency of two spacers, indicates that this motif is important for spacer selection by Cas1 and Cas2.
Prospects. To summarize, we established two unique assays to monitor acquisition efficiency of any particular spacer. Using these assays, we provided direct evidence that the 5′-AAG motif determines the efficiency of acquisition of a spacer into the CRISPR array. Remarkably, we identified that the last dinucleotide of the tested spacer, the AAM, also affects acquisition efficiency. This study thus defines a unique element important for the acquisition step of the fascinating CRISPR/Cas defense system other than the PAM. It must be emphasized, however, that the AAM does not affect acquisition efficiencies of all tested spacers (e.g., Fig. S6B ) and that there are probably additional factors determining its effect. The fact that the motifs were identified exactly at or near the cleavage sites suggests that they may play a role in determining the orientation of spacer insertion. The significant underrepresentation of G at the end of highly acquired spacers suggests that this G may serve as a negative signal for insertion of the spacer in the leader-proximal end. In contrast, the overrepresentation of G as the initiating base of the spacer may serve as a positive signal for insertion in that orientation. Further biochemical studies are needed to address this issue.
Finally, bioinformatics studies revealed that in some cases, the PAM is located upstream of the protospacer (e.g., CRISPR/Cas type I; ref. 23) , in other cases it is located downstream of the protospacer (e.g., CRISPR/Cas type II; ref. 23) , and it can be completely absent (e.g., CRISPR/Cas type III; refs. 24 and 25). In light of our findings of an additional, unique sequence that determines acquisition efficiency, we propose that there are more such unidentified motifs located upstream and downstream of the protospacers and we believe that our experimental approach could be applied to identify these motifs.
Materials and Methods
Reagents, Strains, Plasmids, and Oligonucleotides. LB medium (10 g/L tryptone, 5 g/L yeast extract, and 5 g/L NaCl) was from Acumedia, agar was from Difco, and antibiotics, isopropyl-β-D-thiogalactopyranoside (IPTG), and L-arabinose were from Sigma-Aldrich. Taq 2× Master Mix for PCR was from Lamda Biotech. Restriction enzymes were from New England Biolabs. Rapid ligation kit was from Roche. The bacterial strains, plasmids, and oligonucleotides used in this study are listed in Tables S1 and S2. Construction of plasmids is detailed in SI Materials and Methods.
Acquisition Efficiency Assays. Overnight cultures of E. coli BL21-AI harboring pCas1+2 plasmid or derivatives thereof were diluted 1:600 and aerated at 37°C in LB medium containing 50 μg/mL streptomycin with 0.2% (wt/vol) L-arabinose + 0.1 mM IPTG for 16 h. A sample of the culture was used as the template in a PCR amplifying CRISPR array 1 by using one primer homologous to the CRISPR array (MG7F) and another primer as indicated. The reaction contained 5 μL of 2× PCR master mix, 0.25 μL of 10 μM primer MG7F, 2.5 μL of 1 μM of the indicated primer, 0.5 μL of bacterial culture, and 1.75 μL of double-distilled water. The PCR started with 3 min at 95°C followed by 30 cycles of 20 s at 95°C, 20 s at 60°C, and 20 s at 72°C. The final extension step at 72°C was carried out for 5 min. Samples of 4 μL each were loaded on a 1.5% (wt/vol) agarose gel and electrophoresed for 20 min at 120 V. For DNA sequencing of the amplified products, the amplified band was excised from the gel and ligated into a T-A compatible vector (pGEM-T; Promega). Colonies transformed with the ligation mixture and having the desired insert were picked, and the insert was PCR amplified and DNA sequenced. Asterisks mark the most significant differences (P value < 1 × 10 −12 ). The graph was generated based on high-throughput sequencing data presented in Datasets S1 and S2.
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SI Materials and Methods
Plasmid Construction. pCas1+2 plasmid encoding Cas1 and Cas2 (1) was used as a template for most plasmid constructions. Phosphorylated primers annealing to this plasmid in their 3′ end but having extended or modified 5′ ends as indicated in Table S1 were used to amplify linear fragments from this plasmid or other plasmids as indicated in Table S2 . The linear DNAs were ligated and transformed into Escherichia coli NEB5α to yield the indicated plasmids. In some cases, site-directed mutations were introduced by using mutated primers and a PfuTurbo DNA polymerase (Stratagene). The original, nonmutated plasmid template was eliminated by using the methylation-dependent restriction enzyme DpnI according to the manufacturer instructions. The obtained amplified products were transformed into NEB5α to yield the indicated plasmids. All relevant amplified DNA segments were verified by DNA sequencing to have no mutations other than the desired mutations.
High-Throughput Sequencing and Analysis of Spacers. To generate a large number of spacers for high-throughput sequencing, overnight cultures of E. coli BL21-AI harboring pCas1+2 were induced to acquire spacers as described in Materials and Methods. These cultures were used as a template in a PCR by using primers OA1F+IY130R (Table S1 ) followed by amplification of the obtained products using primers IY230R7 and RE10RD (Table  S1 ). The final PCR products were further manipulated by using Illumina's kit (catalog no. 15025064, barcode 3) according to the manufacturer's instructions. Sequencing was carried out by using Illumina's HiSEq. 2500, in a rapid mode, single-read run. Sequences containing the IY230R7 primer and a 33-nt-long spacer along with its flanking repeats were extracted from the Illumina HiSeq reads. Spacers from these reads were aligned to the E. coli BL21-AI genome (National Center for Biotechnology Information accession no. NC_012947.1), and to the pCas1+2 plasmid by using Novocraft's Novoalignment program (Novocraft Technologies). Of the 2.67 million spacers acquired, 2.19 millions were uniquely and fully aligned to 90,387 different locations on either the chromosome or the plasmid. The distinct spacers from the chromosome and the plasmid were separated to two groups: (i) "frequently acquired" group, consisting of 5% most frequently acquired spacers (in E. coli 4,290 spacers that were acquired more than 40 times, in the plasmid 268 spacers acquired 839 times or more); (ii) "rarely acquired" group, consisting of spacers that were acquired only once (in E. coli 22,294 spacers and 275 spacers in the plasmid). The protospacers, considered as the spacer along with 50 flanking nucleotides from each side, of the two groups were contrasted as follows: The number of each nucleotide in each position of the protospacers were compared between the two sets by using Fisher exact test. The P values were corrected for multiple testing by false detection rate control (2). Fig. S2 . Quantification of priming efficiency of low efficiency (LE) and high efficiency (HE) primers. A DNA template (pCas1+2) encoding both primer sequences on the same strand was used in a PCR to measure priming efficiency of each primer, as depicted. Equal amounts of template and reverse primer were used for both LE and HE PCRs. The highest template concentration used in the first lanes was 50 ng, and this concentration was serially diluted twofold with the last lane having no template. Gel image represents three experiments yielding similar results.
Sc ScHE LE Primer used: LE Fig. S3 . Motifs in the primer sequence do not affect the efficiency of adaptation. The HE sequence was scrambled in a modified pCas1+2 plasmid, as depicted here and described in Tables S1 and S2 . Acquisition efficiency assays were carried out on cultures harboring the indicated plasmid. Sc, exchange of the HE sequence with a scrambled sequence; ScHE, scrambled HE primer; V, unmodified pCas1+2. Fig. S4 . Distribution of spacers matching the HE and LE primers. Sequence analysis of 22,493 spacers encoding the matching HE or LE primers was carried out by following acquisition assays described in Materials and Methods. The relative occurrence of acquired spacers out of the total spacers ending at the indicated distance from the 3′ end of the respective primer is shown for each position. The total number of spacers acquired from the HE-matching primer was 21,552, whereas those from the LE-matching primer was 941. All possible dinucleotide combinations were inserted 30 nt downstream of a 5′-AAG that was inserted immediately upstream of the sequence matching the LE primer on pCas1+2 plasmid, as depicted. Acquisition efficiency assays were carried out on cultures harboring plasmids encoding the indicated dinucleotides by using the primer indicated to the right of each image, as described in Fig. 1A. (B) Effect of AAM on acquisition efficiency of an additional spacer. The 5′-AA dinucleotide was inserted 30 bp downstream 5′-AAG on the pCas1+2 plasmid, yielding plasmid pIY5006 (Table S2) . Acquisition efficiency assays were carried out as described in Fig. 1A . The HE primer was used as a loading control, whereas primer IY209F was used to determine changes in acquisition efficiency due to the dinucleotide modification from 5′-TC to 5′-AA. Images represents two experiments yielding similar results. 
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